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SOMMAIRE
La gale commune de la pomme de terre est une maladie qui reduit la qualite des tubercules de 
pomme de terre. Streptomyces scabies est considere comme le principal agent causal de la gale 
commune. La pathogenicite de Streptomyces scabies semble positivement correlee a la 
production de thaxtomines. Les thaxtomines sont un groupe de phytotoxines ayant ete isolees 
pour la premiere fois par le groupe de recherche de King en 1989 a partir de lesions de gale 
sur des tubercules de pomme de terre. La thaxtomine A est la principale thaxtomine produite 
par Streptomyces scabies. On a demontre que la thaxtomine A etait produite par ce pathogene 
en milieu de culture contenant de la suberine de pomme de terre. La suberine est un polymere 
specifique a la paroi cellulaire des plantes composee de domaines polyaliphatique et 
polyphenolique. Le but de cette etude est d’identifier une composante de la suberine 
responsable de 1’ induction de la production de la thaxtomine A chez Streptomyces scabies.
Dans le premier chapitre, on compare la production de thaxtomine A dans des milieux de 
cultures enrichies avec differentes concentrations de suberines. Les resultats de cette partie du 
travail nous ont permis de determiner la concentration optimale de suberine induisant la 
production de thaxtomine A. On a observe qu’un ajout de 0,2% de suberine dans un milieu de 
culture minimal de Streptomyces scabies permettait une production maximale de thaxtomine 
A. On a egalement developpe un protocol d’extraction de thaxtomine A a partir de sol 
sablonneux. Cette methode est particulierement efficace quand la concentration de thaxtomine 
A dans le sol excede 100 pg/10 g sol. En utilisant cette methode, on a ete en mesure d’extraire 
la thaxtomine A de sol sablonneux enrichi avec de la suberine et inocule avec des spores ou du 
mycelium de Streptomyces scabies.
Dans le deuxieme chapitre, on a determine la production de thaxtomine A dans des milieu de 
culture de Streptomyces scabies contenant les produits de la degradation chimique de la 
suberine. La portion aliphatique de la suberine a ete obtenue par la methode de
i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
depolymerisation au BF3 -methanol alors que la portion phenolique a ete recupere par 
oxydation nitrobenzene alkaline (NBO). II n’y avait aucune production de thaxtomine A dans 
les milieux enrichis avec la portion aliphatique de la suberine. II n’a pas ete possible de 
determiner l’effet de la portion phenolique sur la production de la thaxtomine A puisque la 
fraction chimique inhibait la croissance de Streptomyces scabies.
ii
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SUMMARY
Common potato scab is a disease that results in a lower quality of potato tubers. Streptomyces 
scabies, a soil-borne actinomycete, is considered to be the principal causal agent of common 
scab. Pathogenicity of Streptomyces scabies appears to be positively correlated with 
thaxtomins production. Thaxtomins are a group of phytotoxins, first isolated by King’s 
research group in 1989 from scab lesions on potato tubers. Thaxtomin A is the main thaxtomin 
produced by Streptomyces scabies. This pathogen was found to produce thaxtomin A in 
culture media containing potato suberin. Suberin is a specific plant cell wall polymer 
composed of polyaliphatic and polyphenolic domains. The objective of this study is to identify 
a suberin constituent that is responsible for the induction of thaxtomin A production in 
Streptomyces scabies.
In Chapter I, we first compared thaxtomin A production in culture media supplemented with 
different concentrations of suberin. This allowed us to determine the optimal concentration of 
suberin for thaxtomin A production. We found that the addition of 0.2% suberin in 
Streptomyces scabies minimal medium allowed a maximal production of thaxtomin A. We 
also developed a protocol to extract thaxtomin A from sandy soil. The method was especially 
efficient when thaxtomin A exceeded 100 pg/10 g. Using this method, we were able to extract 
thaxtomin A from a sandy soil amended with suberin and inoculated with Streptomyces 
scabies spores or mycelium.
In Chapter II, we determined thaxtomin A production in Streptomyces scabies culture medium 
containing the chemical degradation products of suberin. The aliphatic portion of suberin was 
obtained by the BF3 -methanol depolymerization method, whereas the phenolic portion was 
recovered by alkaline nitrobenzene oxidation (NBO). There was no thaxtomin A production in 
medium supplemented with the aliphatic portion of suberin. It was not possible to determine 
the effect of the phenolic portion on thaxtomin A production because this chemical fraction 
inhibited Streptomyces scabies growth.
iii
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INTRODUCTION
1. Plant pathology
1.1 Plant pathology
Plant pathology is the study of microorganisms, the environmental factors that cause diseases 
in plants, the mechanisms by which these factors induce disease in plants, and the control and 
prevention methods to reduce the damage associated with plant diseases. Plant pathology is for 
plants what medicine is for humans and what veterinary medicine is for animals (Agrios,
1997). Plant diseases can be caused by abiotic environmental factors or by living organisms
(pathogens). Diseases caused by pathogens are called biotic diseases. There are three factors or 
conditions that are crucial for biotic diseases: they require a susceptible host plant, a pathogen, 
and the appropriate environmental conditions. The relationship between these factors is called 
a disease triangle.
1.2 Virulence mechanisms associated with bacterial plant pathogens
Only a few bacteria are pathogenic to plants and have developed mechanisms to invade, 
colonize, and cause plant diseases (Ahlemeyer et ah, 2001). The knowledge of the 
mechanisms associated with the interactions between phytopathogenic bacteria and their host 
plants has progressed considerably in the last 15 years. This is largely due to the emergence of 
a vast body of molecular genetics information (Ahlemeyer and Eichenlaub, 2001; Burger and 
Eichenlaub, 2003). Prevalent plant pathogenic bacteria can be divided into two groups: Gram- 
positive and Gram-negative phytopathogenic bacteria. Gram-negative phytopathogenic 
bacteria include the following genera: Xanthomonas, Pseudomonas, Erwinia, and 
Agrobacterium (Boch and Bonas, 2001). An understanding of plant Gram-negative compared
1
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to Grain-negative bacteria interaction has reached a relatively advanced stage because Gram- 
negative bacteria are generally easier to handle than Gram-positive bacteria, and Gram- 
negative bacteria are predominant among the phytopathogenic bacteria (Burger et a l, 2003). 
Gram-positive plant pathogenic bacteria include Clavibacter species (Haapalainen et al., 1997; 
Metzler et al., 1997; Jahr et al., 1999), Streptomyces species (Goyer et al., 1996), and 
Rhodococcus fascians (Goethals et al., 2001). All of these bacteria belong to the 
Actinomycetales family and have a high G+C content (Burger et al., 2003).
1.3 Phytotoxins produced by bacterial plant pathogens
Phytotoxins are products of plant pathogens that directly injure plant cells and influence the 
course of disease development or symptoms. Four criteria were presented by 
phytopathologists to evaluate the involvement of toxins in plant disease: (i) reproduction of 
disease symptoms with the purified toxin, (ii) correlation between toxin yield and 
pathogenicity, (iii) production of the toxin during active growth of the pathogen in planta, and 
(iv)reduced virulence or lack of virulence in nontoxigenic strains (Bender et al., 1999). 
Phytotoxins can be divided into two categories: host-selective (HSTs) and non host-selective 
toxins (non-HSTs). HSTs are typically active in plants that serve as hosts for the pathogens 
that produce them (Wolpert et a l, 2002). All known HSTs are produced by plant pathogenic 
fungi. Non-HSTs produce disease symptoms not only on specific plants but also on plant 
species that are not normally infected by the pathogen producing the toxins. Non-HSTs can be 
produced by both bacterial and fungal plant pathogens. Non-HSTs include tabtoxin produced 
by Pseudomonas syringae pv. Tabaci, the causal agent of wildfire disease of tobacco, 
phaseolotoxin produced by Pseudomonas syringae pv. Phaseolicola, the causal agent of halo 
blight of beans and legumes (Agrios, 1997), and thaxtomin A produced by Streptomyces 
scabies, the main causal agent of common potato scab (Bukhalid et a l, 1998).
2
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2. Common potato scab
Common potato scab is a disease characterized by superficial or deep corky lesions on potato 
tubers (Beausejour et al., 2003) or on the roots of various vegetables such as beet, radish, and 
parsnip (Goyer and Beaulieu, 1997). It is caused by pathogenic streptomycetes such as 
Streptomyces scabies, Streptomyces acidiscabies, Streptomyces turgidiscabies, Streptomyces 
europaeiscabiei, and Streptomyces stelliscabiei (Helay et al., 2000; Loria et al., 1997; 
Miyajima et al., 1998; Pasco et al., 2005). Streptomycetes are Gram-positive soil bacteria with 
a high G+C content that undergo a complex morphological and physiological differentiation 
process during their life cycles (Burger et al., 2003). In soil, they live as a filamentous 
mycelium, which colonizes and surrounds organic compounds. Upon starvation, 
Streptomycetes start morphological and physiological differentiation. They begin to form 
aerial mycelium from which uninucleoidal spores can be dispersed in the soil to start a new 
differentiation cycle (Chater, 1998). Plant pathogenic Streptomyces species represent only a 
few of the Streptomyces species that have been described. Plant pathogenic Streptomyces 
species infect only the underground parts of plants (Loria et al., 1997).
2.1 Streptomyces scabies (Thaxt) Lambert and Loria
Streptomyces scabies (syn. Streptomyces scabiei) was first described by Thaxter in 1890, but a 
new description of the species has been provided by Lambert and Loria (1989a). Streptomyces 
scabies is the main causal agent of potato scab (Goyer et al., 1996). The species is 
characterized by its smooth, grey spores bome in spiral chains. Streptomyces scabies produces 
a melanoid pigment and International Streptomyces Project (ISP) uses the nine sugars to 
characterize Streptomyces species (Loria et al., 1997). Streptomyces scabies penetrates tissues 
through lenticels and occasionally through wounds or young tubers, causing common scab 
disease by producing a family of cyclic dipeptide phytotoxins called thaxtomins (Lawrence et 
al., 1990).
3
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2.2 Environmental conditions
Common scab of potato is prevalent in neutral or slightly alkaline soils, especially during 
relatively dry years (Agrios, 1997). Symptoms of common scab do not regularly occur in soils 
in which the pH is below 5.2 (Bonde et al., 1968) even though acid or uncommon scab, first 
detected in Maine in 1953 (Manzer et al., 1977), was occasionally reported to occur in soils 
with pH values as low as 4.5 (Locci, 1994). However, acid scab is not caused by Streptomyces 
scabies but by Streptomyces acidiscabies. This latter species appears to be distinct from 
Streptomyces scabies, both in its phenotype and its ecology (Bonde et al., 1968; Lambert et 
al., 1989b; Manzer eta l., 1977).
2.3 Control of common scab
Potato breeding and selection of resistant cultivars are strategies that have been moderately 
successful for the control of common scab (Neeno-Eckwall et a l, 2001). Only a few potato 
cultivars such as Pacific Russet (Lynch et al., 2004), and Alturas (Novy et al., 2003) have 
shown high levels of tolerance to the disease. Chemical treatment of seed potato tubers using 
boric acid and elemental sulphur reduce the pathogenic inoculum (Khan et al., 2003), but in 
Canada there is no authorized pesticide that is constantly efficient in controlling common scab 
pathogens. Some cultural practices have been shown to reduce incidences of common scab. 
Because the main pathogen cannot grow at pH levels below 5.2, potatoes are often grown in 
acidic soil (Locci, 1994). However, this practice has some negative effects. For example, 
growing potatoes under acidic conditions could select for Streptomyces acidiscabies, which 
causes symptoms similar to those induced by Streptomyces scabies (Loria et al., 1997). In 
addition, the solubility of fertilizers is greatly reduced in acidic soils (Minehan et al., 2005). 
Irrigation during the early stages of tuber development is another agricultural practice that can 
help control common potato scab (Davis et al., 1976). However, maintaining high soil 
moisture over a long period is impractical for many potato growers (Loria et al., 1997). 
Manures and by-products derived from the processing of plants and animals have been used
4
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for centuries as sources of fertilizer. Some studies suggest that these products can also act as 
biopesticides against common potato scab (Cote et al., 2001; Lazarovits et al., 2001).
Biological control has shown some potential for the control of potato scab. Nonpathogenic 
Streptomyces strains or other antagonistic species control common scab by producing 
antibiotics that inhibit the growth of the pathogens (Eckwall et al., 1997; Neeno-Eckwall et 
al., 2001; Han et al., 2005). Our group found that Streptomyces melanosporofaciens strain EF- 
76 reduces the incidence of common scab in greenhouse assays (Agbessi et al., 2003). More 
interestingly, EF-76 also reduced symptom severity on potato tubers grown under field 
conditions (Agbessi et al., 2003; Beausejour et al., 2003). A combination of Streptomyces 
melanosporofaciens EF-76 and chitosan presents a promising method of biocontrol against 
common scab (Beausejour et al., 2003; Jobin et a l, 2005; Prevost et a l, in press). Antibiosis 
is not the only mechanism associated with the biocontrol properties of nonpathogenic 
Streptomycetes. Indeed, Doumbou et al. (1998) found two Streptomyces strains that used 
thaxtomin A, thereby protecting potato tubers against common scab.
2.4 Thaxtomins
Thaxtomins are a group of nitrate dipeptide phytotoxins produced by Streptomyces scabies 
and other plant pathogenic streptomycetes (King et a l, 1989; 1991; 1992). They were first 
isolated from common scab lesions induced by Streptomyces scabies on potato tissues (King 
et a l, 1989; 1991). Thaxtomins are host-nonselective pathogenicity determinants in plant- 
pathogenic Streptomyces sp. (Bukhalid et al., 1998). Indeed, thaxtomins not only induce 
necrotic lesions when applied on potato but also on radish (Raphanus sativus L.), alfalfa 
(Medicago sativa L.), cauliflower (Brassica oleracea L.), colza (Brassica napus L.), and 
turnip {Brassica rapa L.) (Goyer et al., 1998; Lawrence et a l, 1990; Miyajima et a l, 1998).
5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.5 Thaxtomin A
Thaxtomin A (Fig. 1) is the main thaxtomin produced by Streptomyces scabies. It is a yellow 
compound composed of 4-nitroindol-3-yl-containing 2, 5-dioxopiperazine (King et al., 1992). 
Thaxtomin A is also produced by Streptomyces acidiscabies and Streptomyces turgidiscabies 
(King et al., 1989; 1991; Lawrence et al., 1990; Loria et al., 1995; 1997; Miyajima et al., 
1998). Pathogenicity of Streptomyces scabies appears to be positively correlated with 
thaxtomin A production (Lawrence et al., 1990; King et al., 1991). Indeed, Goyer et al., 
(1998) observed that Streptomyces scabies mutants deficient in thaxtomin A production lost 
pathogenicity. The structure of thaxtomins suggests that they are not synthesized ribosomally 
by peptide synthetases. Two peptide synthetase genes (txtA and txtB) were cloned, and 
thaxtomin A production was abolished in the txtA gene dismption mutants (Healy et al.,
2000). Thaxtomin A production was restored in the txtA mutant by complementation with a 
cosmid carrying the peptide synthetase genes (Healy et al., 2000). It was also demonstrated 
that a cytochrome P450 monooxygenase homolog, encoded by an open reading frame 
designated txtC, is involved in thaxtomin A biosynthesis. This monooxygenase homolog 
catalyzes thaxtomin A phenylalanyl hydroxylation (Healy et al., 2002).
The mechanism of action of thaxtomin A is still not clear, but it was suggested that thaxtomin 
A inhibits the synthesis of cellulose (Delmer et al., 1995; Scheible et al., 2001; King et al.,
2001). Indeed, symptoms caused by thaxtomn A are similar to those caused by known 
cellulose biosynthesis inhibitors such as dichlobenil and isoxaben (Delmer et al., 1995; 
Scheible et al., 2003; King et al., 2001). When applied to field-gown potato tissues, thaxtomin 
A induces cell disorganization, including the detachment and invagination of the 
plasmalemma, the presence of a fibrillar-like material in the cytoplasm, and electron-dense 
material associated with moribund cellular features (Goyer et al., 2000).
Recent work suggests that thaxtomin A is perceived by the plant as a pathogenic factor and 
induces some plant defence mechanisms (Tegg et al., 2005). Tegg (2005) found that
6
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thaxtomin A triggers an early signalling cascade, which may be crucial in plant-pathogen 
interactions. Thaxtomin A significantly modified ion flux profiles from the plasma membrane 
(PM) of root and pollen tube tissue in Arabidopsis thaliana and tomato. The higher density of 
thaxtomin A-binding sites probably occurs in young, physiologically active tissues, e.g., the 
root elongation zone or the pollen tube apex, because thaxtomin A was more effective in these 
regions (Tegg et a l, 2005). Thaxtomin A was also found to induce programmed cell death 
(PCD) in Arabidopsis thaliana suspension cultured cells (Duval et al., in press).
Thaxtomin A can be produced by Streptomyces scabies on potato tubers or in culture medium 
containing plant extracts such as oat meal broth (Babcock et a l, 1993) or potato peel broth 
(Goyer et al., 1996). Thaxtomin A is not produced in minimal or rich media deprived of plant 
extracts (Beausejour et al., 1999). However, Beausejour et al. (1999) found that a minimal 
medium supplemented with suberin as the sole carbon source was sufficient to allow the 
production of thaxtomin A by Streptomyces scabies.
N O
CH,
CH OH
OH
O
Fig. 1 4-nitroindol-3-yl-containing 2, 5-dioxopiperazine (Thaxtomin A)
2.6 Suberin
Suberin is a term used to define a specific plant cell wall component that is characterized by 
both polyaliphatic and polyphenolic domains. Suberized cells are found in the underground 
parts of plants, e.g., epidermis, endodermis, exodermis, root phellem, and tuber phellem, as
7
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well as in bundle sheath cells and the phellem (cork) of above ground tissues of woody species 
that undergo secondary thickening (Esau, 1977; Bernards, 2002).
Potato tubers represent an important source of suberin. Potato tubers are underground stems 
that store nutrients during plant dormancy. Suberin is mostly found in potato periderm (potato 
skin) that is composed of phellem, phellogen, and phelloderm tissues. Suberin is deposited in 
the phellem of potato tubers (Reeve et al., 1969). The physiological roles attributed to suberin 
are water retention and antimicrobial barriers (Benards 2002; Kolattukudy 1980, 1984, 1987; 
Esau, 1977). Rapid suberization of wounded potato tubers is critical in avoiding infection by 
Erwinia carotovora subsp. carotovora (a causal organism of bacterial soft rot) and Fusarium 
sambucinum (a causal organism of fungal dry rot) in cut seed and stored potatoes (Lulai et al.
1998). There is evidence showing that Erwinia carotovora and Fusarium sambucinum 
infection was greatly enhanced when suberization was inhibited (Lulai et al., 1998). Also 
Kamula et al. (1995) demonstrated that exodermal cells with suberin lamellae blocked the 
ingress of Fusarium culmorum hyphae into roots of Zea mays and Asparagus officinalis.
Bernards (2002) described potato suberin as a hydroxycinnamic acid-monolignol polyphenolic 
domain, embedded in the primary cell wall, and covalently linked to a glycerol-based 
polyaliphatic domain located between the primary cell wall and the plasma membrane (Fig 2). 
Suberin is synthesized in cells from the endodermis and exodermis of the root. But most of the 
biochemical studies on biosynthesis of suberin that have been conducted have used wound 
healing potato tubers as a model system. There is no clear model to describe suberin 
biosynthesis untill Benards (2002) give a summary on what is known and hypothesized, for 
the overall biosynthesis of precursors of the suberin poly(aliphatic) domain (SPAD) and the 
suberin poly(phenolic) domain (SPPD) monomers. Benards (2002) said, at the most basic 
level, both aliphatic and phenolic components are derived from the products of carbohydrate 
metabolism, most notably pyruvate, phosphoenolpyruvate, and erythrose-4-phosphate. 
Benards (2002) proposed that a clear point of divergence occurs where the fatty acid synthesis 
and shikimate pathways begin, with the former ultimately giving rise to the 16:0 and 18:0 fatty
8
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acids that are the precursors to all of the aliphatics in suberized tissues and the latter yielding 
phenylalanine, the precursor for nearly all phenylpropanoids. More alipahtics are developed 
through fatty acid oxidation and elongation. Phenylpropanoid metabolism, through the 
hydroxylation, methylation, CoA-ligation and reduction reactions, leads to the three major 
phenolic monolignols from trauscinnamic acid via the hydroxycinnamates and their CoA 
derivatives. However, more studies on suberin biosynthesis are expected to eluciate this 
process (Benards 2002).
The surface of most aerial plant parts are covered by a protective layer called the cuticle. The 
cuticle is composed of chloroform-soluble waxes and the insoluble biopolyester cutin (Fett et 
al., 1999). Cutin is composed primarily of Ci6 and Cig hydroxy- and epoxyfatty acids held 
together via ester bonds together with phenolic material (Walton, 1990). There are several 
articles about the degradation of cutin by cutinase, a polyesterase produced by bacteria and 
fungi, and also transcriptional regulation of cutinase gene in fungal pathogens is being 
elucidated at a molecular level (Kolattukudy, 2001). Suberin is a more complex polymer than 
cutin and there are few reports demonstrating microbial degradation of suberin (Fett et al.,
1999). Nectria haematococca can be induced to produce a suberinase when grown in the 
presence of potato suberin (Fernando et al. 1984). A novel extracellular esterase from 
pathogenic Streptomyces scabies was characteized by McQueen et al. (1987), degradated 
suberin in culture medium. The ability to degrade suberin has also been reported for the fungi 
Rosellinia desmazieresii (Ofong et al., 1994), Armillaria mellea (Zimmerman et al., 1984) and 
Mycena meliigena (Schultz et al. 1996). Our group recently isolated an esterase of 
Streptomyces scabies which degrades suberin in culture medium (Dionne and Beaulieu, 
personal communication).
9
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Fig. 2. Tentative model for the structure of potato suberin
10
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3. Objective of this work
Thaxtomin A biosynthesis in Streptomyces scabies appears to depend on the presence of 
suberin. However, the mechanism by which suberin allows thaxtomin A production in 
Streptomyces scabies has not yet been elucidated. It is unlikely that suberin or suberin 
constituents act as biochemical biosynthesis precursors. Beausejour et al. (1999) suggest that 
suberin constituents act as transcriptional inducers for the thaxtomin A biosynthetic genes. 
Mcqueen and Schottel (1987), as well as our group (Beausejour et al., 1999) have shown that 
Streptomyces scabies produces heat-stable esterases that can break down the suberin polymer. 
An esterase might, thus, be responsible for the release of the signal that induces thaxtomin A 
biosynthesis in Streptomyces scabies (Beausejour et al., 1999).
In this work, suberin was first chemically degraded to obtain the aliphatic and the phenolic 
fractions of the polymer, and the production of thaxtomin A by Streptomyces scabies was 
tested in the presence of each fraction.
Second, although thaxtomin A production by Streptomyces scabies has been demonstrated 
both on plant tissues and in culture media, thaxtomin A has never been detected in soil. 
Consequently, a method to extract thaxtomin A from soil was developed, and the ability of 
Streptomyces scabies to produce thaxtomin A in soil was tested. We also determined whether 
thaxtomin A biosynthesis in soil depends on the presence of suberin.
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I STREPTOMYCES SCABIES PRODUCES THAXTOMIN
A IN SOIL SUPPLEMENTED WITH SUBERIN
La production de thaxtomine A par Streptomyces scabies en milieu de culture a differentes 
concentrations de suberine a ete etudiee. La production de thaxtomine A augmente 
significativement dans le milieu a des concentrations de 0,02% a 0,10%. Entre 0,10% et 
0,30%, la quantite de thaxtomine A se stabilise, ce qui suggere que la concentration optimale 
de suberine dans le milieu se situe entre 0 , 1 0 % et 0 ,2 0 %.
Une methode d’extraction de thaxtomine A a partir d’un sol sablonneux a ete developpee. La 
supplementation d’un sol sablonneux avec de la suberine, permet la croissance de 
Streptomyces scabies EF-35 et la production de thaxtomine A. La toxine n’est pas detectee 
dans un sol depourvu de suberine. Puisque le sol utilise dans les conditions de laboratoire est 
un milieu ressemblant a l’environnement des fermes agricoles, cela permet de valider que la 
suberine ou ses constituants sont des signaux importants pour 1 ’expression des genes 
responsables de la biosynthese de thaxtomine A.
12
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Abstract
Thaxtomin A is the main phytotoxin produced by Streptomyces scabies, a causal agent of 
potato scab. Until now, suberin is the only purified plant compound that induces thaxtomin A 
biosynthesis in Streptomyces scabies in vitro. We compared the production of thaxtomin A of 
Streptomyces scabies in a culture medium supplemented with a serial concentration of suberin 
(from 0.02% to 0.30%) to identify the optimal suberin quantity required to induce the 
biosynthesis of thaxtomin A. The suggested suberin concentration is between 0.10% and 
0.20%. A method to extract thaxtomin A from sandy soil was developed. Streptomyces scabies 
grew and produced thaxtomin A in sandy soil only when suberin was present.
Abbreviations: yeast malt extract (YME); yeast malt extract with agar (YMEA); thin layer 
chromatography (TLC); high performance liquid chromatography (HPLC)
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Introduction
Common potato scab is widely distributed and found in most potato-producing areas. It is a 
disease characterized by shallow, raised, or deep corky lesions on potato tubers (Goyer et a l, 
1996). The disease can also occur on the roots of vegetables such as beet and radish (Goyer et 
al., 1997). Streptomyces scabies, a Gram-positive filamentous soil-borne bacterium, is the 
main pathogenic agent of common potato scab (Loria et al., 1997).
Pathogenicity of Streptomyces scabies appears to be positively correlated with the production 
of phytotoxins called thaxtomins (King et al., 1991). Thaxtomins were originally isolated by 
King and his collegues in 1989 from potato tubers with common potato scab lesions. 
Thaxtomin A, the main phytotoxin produced by Streptomyces scabies, is a yellow compound 
composed of 4-nitroindol-3-yl-containing 2, 5-dioxopiperazine. Purified thaxtomin A induces 
necrotic lesions when applied to potato tubers (Lawrence et al., 1990). This toxin appears to 
be essential to Streptomyces scabies pathogenicity. Streptomyces scabies mutants deficient in 
thaxtomin A production lost the ability to infect potato tubers (Goyer et a l, 1998). The txtAB 
genes of Streptomyces acidiscabies were found to encode a peptide synthetase required for 
thaxtomin A production and pathogenicity. Both pathogenicity and thaxtomin A production of 
a txtA mutant were restored by transformation with a cosmid carrying the txtAB genes (Healy 
et a l, 2 0 0 0 ).
Thaxtomin A is produced by Streptomyces scabies during potato infection. In vitro production 
of thaxtomin A is also possible, but depends upon environmental conditions. Thaxtomin A is 
not produced in minimal or rich medium deprived of plant material (Beausejour et a l, 1999). 
In vitro production of thaxtomin A occurred only in a culture medium containing plant 
materials such as oatmeal (Babcock et al., 1993), oat bran, and potato or radish peels (Goyer et 
al., 1998). Furthermore, thaxtomin A biosynthesis is repressed when glucose (Babcock et al., 
1993; Loria et al., 1995) or aromatic amino acids (Lauzier et al, 2002) were added to the plant 
extracts containing culture medium. Lauzier et al. (2002) found that tryptophan and
15
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phenylalanine were the metabolic precursors for the biosynthesis of thaxtomin A, even when 
these compounds repressed thaxtomin A synthesis. King et al. (1996) and King (1997) 
suggested that thaxtomins result from the condensation of N-methyl-4-nitrotryptophan and 
phenylalanine by diketopiperazine ring formation.
Until now, suberin is the only purified compound that induces thaxtomin A biosynthesis in 
Streptomyces scabies (Beausejour et al., 1999). It is a biopolymer composed of both 
polyaliphatic and polyphenolic domains (Bernards, 2002). Suberized cells provide effective 
resistance to dehydration and pathogen penetration (Kolattukudy, 1987; Lulai et al., 1995; 
Lyon, 1989). Streptomyces species produce a variety of extracellular hydrolytic enzymes that 
degrade organic polymers (Loria et al., 1997; Burger et al., 2003). McQueen et al. (1987) and 
Beausejour et al. (1999) demonstrated that Streptomyces scabies strains break down potato 
suberin through the enzymatic action of a heat-stable esterase. Beausejour et al. (1999) 
suggest that suberin degradation products may act as transcriptional inducers for the genes 
responsible for thaxtomin A production.
Although Streptomyces scabies has the ability to produce thaxtomin A both in vitro and in 
planta, the production of the toxin in soil has never been documented. The purpose of this 
paper is to verify that Streptomyces scabies produces thaxtomin A in soil and to develop a 
method to extract thaxtomin A from the soil.
Materials and methods 
Bacterial strain and culture conditions
In this study, Streptomyces scabies strain EF-35 was isolated from common scab lesions on 
potato tubers in Quebec, Canada (Faucher et al., 1992) and maintained on yeast malt extract 
(YME) (Pridham et al., 1956-1957). Oat bran broth (Goyer et al., 1998) and minimal starch
16
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medium (Beausejour et al., 1999) were used to produce thaxtomin A. The minimal medium 
was supplemented with various concentrations of potato suberin from 0.02% to 0.30%. The 
cultures were agitated using a rotary shaker (350 rpm) at 30°C.
Suberin production
Suberin was obtained from commercial potatoes according to Kolattukudy et al. (1974a). 
Whole potato tubers were boiled in water and their skins were removed. The cell walls 
associated with the potato skins (9.1 kg potato tubers) were digested with a solution containing 
1.95 units/ml cellulase (Sigma EC 3.2.1.4), and 18.38 units/ml pectinase (Sigma EC 3.2.1.15), 
from Aspergillus niger in 750 ml 0.05 M acetate buffer, pH 4.0. After the enzymatic digestion, 
potato skins were treated with 750 ml chloroform and methanol (2:1) to extract the soluble 
lipids. Potato peels were then treated with chloroform in a Soxhlet extractor for 24 hours to 
further extract soluble lipids (Kolattukudy et al., 1974b). The enzyme treatment and the 
extraction procedure were repeated once again. The resulting solid material, consisting of 
suberin, was ground to a fine powder in a coffee grinder (4BCG100, Kitchenaid).
Production and purification of thaxtomin A from culture medium
The bacterial suspension used to inoculate the thaxtomin A production medium was prepared 
as follows. Strain EF-35 was grown in YME medium for two days and the cultures were 
centrifuged. The bacterial suspension was obtained by resuspending the bacterial pellet in 
three volumes of 0.85% NaCl. This bacterial suspension (100 pi) was used to inoculate a 
minimal medium (30 ml) that was supplemented with and without suberin. These cultures 
were incubated for seven days. Thaxtomin A was extracted from the culture supernatant with 
ethyl acetate (Lauzier et al., 2002) and purified on a 0.25 mm silica gel 60 TLC plate using 
chloroform: methanol (9:1) as the developing solvent (Beausejour et al., 1999). The yellow 
compound with Rf = 0.27 was thaxtomin A.
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Purification of thaxtomin A from soil
A sandy loam obtained from Daubois Inc. (Montreal, Quebec) was used in this experiment. 
This soil was sterilized in an autoclave at 121 °C for 40 mins. According to the treatment 
protocol, the soil was supplemented with 0.2% to 0.5% suherin before autoclaving. To 
evaluate the recovery rate of thaxtomin A from soil, 5 pg to 100 pg of purified thaxtomin A 
dissolved in acetonitrile was added to 10 g of sterile sandy loam. Thaxtomin A was also 
extracted from 10 g sandy loam that had been inoculated with lxlO6  spores of Streptomyces 
scabies EF-35 or with 0.5 ml of a bacterial suspension. This suspension was prepared by 
resuspending the bacterial pellet from a two day old YME culture in three volumes of 0.85% 
NaCl. The sandy loam samples supplemented with thaxtomin A or inoculated with EF-35 
were incubated in the dark at 25°C for seven days.
Thaxtomin A was extracted twice from the soil samples using 25 ml chloroform. During this 
purification process, the soil samples were thoroughly mixed with chloroform, first by using a 
tumbling mixer for 5 mins and then by using a spatula. The mixture of soil and liquid was 
poured through a filter paper in a Buchner funnel. The soil was trapped by the filter paper and 
the chloroform phase was drawn through the funnel into the flask below by a vacuum pump. 
The chloroform was then transferred to a 100 ml distilling flask of a Biichi Rotavapor R-114 
(Biichi Labortechnik AG, Flawil, Switzerland) at 50°C to reduce the sample volume to 1 ml. 
The chloroform was then evaporated at room temperature. The resulting pellet was dissolved 
in 5 pi ethyl acetate for TLC analysis or 200 pi acetonitrile for HPLC analysis.
Quantification of thaxtomin A
TLC or HPLC were used to quantify thaxtomin A. Thaxtomin A extracted from soil was 
purified by thin layer chromatography (TLC) on glass plates precoated with 0.25 mm of silica 
gel 60, using chloroform:methanol (9:1) as the mobile system. The intensity of the yellow 
spots corresponding to thaxtomin A was monitored with a scanner (Alpha Innotech
18
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Corporation) and processed with the Image Quant 5.0 Program. At the same time, known 
quantities of purified thaxtomin A (5 pg to 100 pg) migrated on TLC plates. A calibration 
curve representing the amount of thaxtomin A vs. spot intensity were obtained from three 
independent experiments to allow the quantification of thaxtomin A extracted from soil.
The HPLC procedure described by Beausejour et al. (1999) was used to quantify thaxtomin A 
produced by Streptomyces scabies in both minimal starch medium and soil. HPLC 
experiments were carried out on a module of the Varian Star System equipped with a Ci8
column (10 pm particle size, 3.9x300 mm). 5-40% acetonitrile/water gradient eluted for 10 
mins at a flow rate of 1.3 ml/min and monitored at 249 nm using an UV detector. Samples 
were dissolved in 200 pi acetonitrile and passed through a 0.45 pm cellulose membrane filter. 
Standard solutions of thaxtomin A were used to draw a calibration curve.
Results and discussion
Effect of suberin on the in vitro production of thaxtomin A by Streptomyces scabies EF-35
Beausejour et al. (1999) previously demonstrated that Streptomyces scabies EF-35 produced 
thaxtomin A in a minimal medium supplemented with suberin but not when the medium was 
supplemented with other plant polymers such as cellulose and pectin. We cannot exclude that 
traces of polysaccharides were still present in the suberin used in this study but these sugars 
could not induce thatxtomin A biosynthesis by themselves. In their study, Beausejour et al. 
(1999) chose arbitrarily a concentration of 0.2% suberin. To optimize the in vitro production 
of thaxtomin A, the biosynthesis of this toxin, in the present study, was tested in the presence 
of various concentrations of suberin. Figure 3 represents thaxtomin A production vs. suberin 
concentrations. In the presence of 0.02% to 0.10% suberin, thaxtomin A production increased 
exponentially from 100 pg to 400 pg, and then the production remained constant when treated
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with 0.10% - 0.30% suberin. Thus, soil amendments in further studies were carried out using 
0.10% - 0.30% suberin.
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Fig. 3. Thaxtomin A production by Streptomyces scabies EF-35 in 30 ml of culture 
medium with different concentrations of suberin (the data represent the means of three 
replications. The error bars indicate standard deviation)
Recovery of thaxtomin A from soil
The amendment of the soil with known quantities of purified thaxtomin A allows us to 
calculate the recovery ratio of thaxtomin A in soil. A densitometric method was used to 
quantify thaxtomin A on a TLC plate. The threshold of thaxtomin A detection on the TLC 
plate was between 5 pg and 10 pg. The linear regression equation for the calibration curve of 
the amount of thaxtomin A vs. spot intensity on the TLC plate was y  = 594.2 lx. The 
coefficient of determination (R2) was 0.954, indicating that 95.4% of the variation in the
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
amount of thaxtomin A extracted was accounted for by the variation in thaxtomin A spot 
intensity on the TLC plate (data generated using Microsoft Excel).
Because soil is a complex matrix, exhaustive extraction is important to obtain high recovery 
rates, and an efficient clean-up procedure is necessary to remove interfering matrix 
components (Schltisener et al., 2003). In this study, we showed that thaxtomin A could be 
extracted efficiently from a sandy loam. Vaccum filtration is an efficient technique for 
separating the soil from a liquid extraction mixture. However, the recovery rate appeared to be 
dependent upon the toxin concentration in the soil. The recovery levels were 30%, 35%, 78%, 
and 95% when soils were amended with 10 pg, 25 pg, 50 pg, 100 pg of thaxtomin A, 
respectively (Fig. 4). The linear regression equation for the recovery rate from the soil was y  = 
0.002 lx, and the coefficient of determination (R2) was 0.6703 (data generated by Microsoft 
Excel). The gap between the amount of thaxtomin A introduced into soil and the amount of 
thaxtomin A recovered from these same soils could not be attributed to a degradation of the 
toxin. No degradation of the product was expected to occur under sterile conditions over a 
seven days period. Doumbou et al. (1998) showed that thaxtomin A was very stable at room 
temperature and only little microorganisms were able to use the toxin as a nitrogen source. No 
bacteria used thaxtomin A as a carbon source (Doumbou et al., 1998). Furthermore, adhesion 
of the toxin to soil particles might explain why the recovery level was less efficient at low 
concentrations of thaxtomin A.
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Fig. 4. Thaxtomin A recovery rates from 10 g sandy soil supplemented with the 
identical amounts of thaxtomin A (the data represent the means of three replications)
Streptomyces scabies EF-35 produces thaxtomin A in soil
Thaxtomin A was detected in the samples of sandy loam that were supplemented with suberin 
and inoculated with Streptomyces scabies EF-35 spores or mycelium but it was not detected in 
the nonamended soil samples. Thus, the lack of thaxtomin A production in non-amended soil 
might result from the absence of inducers.
Environmental conditions might affect both Streptomyces scabies development and thaxtomin 
A production (Lauzier et al., 2002). The absence of thaxtomin A production in soil not 
supplemented with suberin was not due to the incapacity of EF-35 spores to germinate because 
bacterial counts obtained immediately after incorporating EF-35 spores into soil were lower
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than those detected in the soil in the experiments carried out seven days after inoculation 
(Table 1).
Table 1 Thaxtomin A production by Streptomyces scabies in sandy soil
Treatment
Initial cfu after 7 days Thaxtomin A
inoculum incubation production
1 0  g of sterilized sandy soil lxlO6  spores 5xl07  spores ND2
lOgof  sterilized sandy soil
supplemented with 0 .2 % lxlO6  spores 3><108  spores 80 pg
suberin
2 0  g sterilized sandy soil 
supplemented with 0.5% 
suberin
1 ml 
mycelium
NDD3 77 pg
|............        '2.........       -7................................................... .........
colony forming units (cfu), not detected ( ND), not determined ( NDD). The data represent 
the means of three replications.
Previous studies have shown that chemicals such as aromatic amino acids prevent thaxtomin 
A biosynthesis (Lauzier et al,, 2002). However, the absence of thaxtomin A production in the 
sandy loam tested was not likely due to the presence of an inhibitor or to other soil 
characteristics. Indeed, the amendment of the same soil with suberin allowed thaxtomin A 
biosynthesis by Streptomyces scabies. Beausejour et al. (1999) reported that thaxtomin A 
production in vitro was possible only in the presence of plant extracts or suberin. A sandy 
loam, being poor in organic material, could lack the plant materials necessary to induce 
thaxtomin A biosynthesis. Results support the assumption that suberin or suberin constituents 
might be the transcriptional inducers of the genes responsible for thaxtomin A biosynthesis 
(Beausejour et al., 1999). However, suberin stimulated bacterial growth slightly in the sandy 
loam, thus, we cannot exclude the possibility that thaxtomin A was not detected in 
nonamended soil due to a weaker development of Streptomyces scabies.
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Combining the linear regression equations of the calibration curve of thaxtomin A by TLC (y 
= 594.2 lx) and the linear regression equation of the recovery rate of thaxtomin A from soil (y 
= 0.002 lx), it was determined that 80 pg of thaxtomin A was produced in the soil amended 
with lxlO6  spores of Streptomyces scabies EF-35. HPLC analysis revealed that 77 pg of 
thaxtomin A was produced when 1 ml of Streptomyces scabies EF-35 mycelium was 
inoculated in the soil containing 0.5% suberin (Tablel).
Sandy loam is commonly used to grow potatoes. Even if Streptomyces scabies can survive and 
develop in this type of soil, the pathogen appears to lack the ability to produce thaxtomin A. 
However, our results provide strong evidence that Streptomyces scabies can produce 
thaxtomin A in a soil containing suberized material. Suberin appears to be a signal informing 
the pathogen of the presence of a plant. However, insufficient information is currently 
available to determine the mechanism by which suberin induces thaxtomin A in Streptomyces 
scabies. The method developed in this study to extract thaxtomin A from soil is of interest to 
quantify thaxtomin A production in the plant rhizosphere.
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CHAPTER II NO PRODUCTION OF THAXTOMIN A BY 
STREPTOMYCES SCABIES IN THE CULTURE MEDIUM 
CONTAINING DEGRADATION PRODUCTS OF SUBERIN
La suberine a ete degradee par la depolymerisation au BF3/methanol (portion aliphatique) ou 
par l’oxidation au nitrobenzene alcalin (portion phenolique). Le Streptomyces scabies EF-35 a 
ete cultive dans un milieu minimal supplements par ces produits de degradation. Aucune 
production de thaxtomine A n’a ete observee dans les milieux complementes avec l’une ou 
l’autre des portions aliphatique ou phenolique. Dans ce dernier cas, toutefois, l’absence de 
production peu s’expliquer par la toxicite des composes phenoliques. De plus, l’absence de 
production de thaxtomine A par Streptomyces scabies a aussi ete demontree dans des milieux 
supplements par des produits commerciaux (cis-9,10-acide-epoxystearique et L'acide 
Linoleique), de possibles constituants aliphatiques de la suberine. La methode choisie pour 
identifier le constituant de la suberine responsable de la biosynthese de thaxtomine A n’etait 
done pas appropriee.
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Abstract
Suberin was degraded as an aliphatic portion by BFs/methanol depolymerization, or as a 
phenolic portion by alkaline nitrobenzene oxidation (NBO). Streptomyces scabies was 
cultured in minimal medium supplemented with these degradation products. There was no 
thaxtomin A production in the medium supplemented with the aliphatic portion, and 
Streptomyces scabies did not grow in the presence of the phenolic portion. No thaxtomin A 
was produced by Streptomyces scabies in a minimal medium supplemented with cis-9, 10- 
epoxystearic acid or Linoleic acid, two fatty acids commercially available that are known to 
be possible constituents of the suberin aliphatic portion.
Abbreviations: boron trifluoride (B F 3 ), alkaline nitrobenzene oxidation (NBO), thin layer 
chromatography (TLC), gas-liquid chromatography (GLC), mass spectrometry (MS)
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Introduction
Suberin is a term used to define a specific plant cell wall component that is characterized by 
both polyaliphatic and polyphenolic domains. Suberized cells are found in the underground 
parts of plants, e.g., epidermis, endodermis, exodermis, root phellem, and tuber phellem, as 
well as in bundle sheath cells and the phellem (cork) of above ground tissues of woody species 
that undergo secondary thickening (Esau, 1977; Bernards, 2002). A new model of the 
chemical structure of potato suberin was presented by Bernards in 2002. Suberin was 
described as a hydroxycinnamic acid-monolignol polyphenolic domain, embedded in the 
primary cell wall, and covalently linked to a glycerol-based polyaliphatic domain located 
between the primary cell wall and the plasma membrane (Bernards, 2002).
Potato suberin is not commercially available, but it can be enzymatically isolated from mature 
tuber skin (Kolattukudy et al., 1974a). Depolymerization of potato suberin with BF3 in 
methanol allows the recovery of the aliphatic portion. Further analysis indicated that this 
fraction was mainly composed of long chain fatty acids (Ci6  to C2 6 ), and fatty alcohols (Ci6  to 
C2 6 ) such as octadec-9-ene-l, 18-dioic acid (C1 8H3 2 O4 ) and 18-hydroxy-octadec-9-enoic acid 
(C1 8 H3 4 O3 ) (Kolattukudy et al., 1974a), with trace amounts of epoxides. Epoxide compounds 
have been identified as defence molecules against microbial infection of plants (Blee et al., 
1992b; 1992c; 1993; Hamberg et al., 1992; Pinot et al., 1992). Stapleton et al. (1994) 
demonstrated that epoxide hydrolases involved in suberin biosynthesis accumulated in 
wounded potato tissues.
The principal analytical tools used to identify suberin polyaliphatic domain components are: 
(i) organic solvent extraction to isolate unpolymerized wax components; (ii) hydrolysis, 
including BF3 -methanol transesterification, reduction with IJ A IH 4 , and alkaline hydrolysis 
with NaOCH3  or NaOH to isolate esterified components; and (iii) subsequent gas 
chromatography of their methyl, or acetyl-derivatives (Bernards, 2002). The yield and
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spectrum of aliphatics recovered by these methods are dependent on hydrolysis conditions, but 
complete removal was only achieved by strict treatment (Lopes et al., 2000).
Three chemical methods were proposed to degrade potato suberin to the phenolic portion: (i) 
alkaline nitrobenzene oxidation (NBO) (Wendell et al., 1982); (ii) thioacidolysis (Lapierre et 
al., 1986; Borg-Olivier et al., 1989; 1993); and (iii) derivatization followed by reductive 
cleavage (DFRC method) (Lu et al., 1997; Razem et al., 2002). Suberin is degraded at the 
different cleavage points depending on the methods. The NBO method results in the cleavage 
of phenylpropanoid side chains and yields benzaldehyde, benzoate, and other compounds. The 
disadvantage of the NBO method is that the identity of the parent compound is lost. 
Thioacidolysis cleaves only 8-o-4’ ethers of monolignols (Lapierre et al., 1986; Monties, 
1989). Feruloyltyramine (a-hydroxycinnamoyl amide) was found as the unique compound that 
distinguishes thioacidolysis using the NBO method (Borg-Olivier et al., 1989; 1993; Lapierre 
et al., 1996; Negrel et al., 1996). Yields obtained using the DFRC method is generally 
comparable to those of thioacidolysis (Lu et al., 1997). In general, evidence indicates that 
hydroxycinnamic acids are the major components of the potato phenolic portion, and that 
these compounds are covalently cross-linked via bonds other than esters (Benards, 2002). 
Nitrobenzene oxidation (NBO) of suberin gives three major fractions: a diethyl ether-soluble 
fraction containing aromatic aldehydes (benzaldehyde, -20%), an ethyl acetate-soluble 
fraction containing unknown compounds (-15%), and a condensed phenolic fraction 
containing tannins (benzoate -10%) (Wendell et al., 1982).
Suberin plays an important role in the protection of plants by acting as a physical barrier 
against most pathogenic microorganisms. However, the plant pathogen Streptomyces scabies, 
which causes common scab of potato, can overcome this defense mechanism by producing a 
heat-stable esterase that breaks down suberin (MacQueen et al., 1987). Furthermore, it was 
shown by Beausejour et al. (1999) that Streptomyces scabies produces a toxin called 
thaxtomin A in the presence of suberin. Thaxtomin A (4-nitroindol-3-yl-containing 2, 5- 
dioxopiperazine) is essential for Streptomyces scabies pathogenicity (Goyer et al., 1998). Until
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now, suberin is the only compound shown to induce thaxtomin A biosynthesis when added to 
Streptomyces scabies minimal culture medium. Beausejour et al. (1999) made the assumption 
that the esterase produced by Streptomyces scabies is essential for pathogenicity not only 
because the enzyme facilitates the entry of the bacterium into plant tissue but because suberin 
constituents released from the esterase action may act as transcriptional inducers for the genes 
responsible for thaxtomin A production. The purpose of this study was to test this hypothesis.
In this study, we tested the ability of two commercial products [cm  (trans)-9,10-epoxystearic 
acid (C1 8 H3 4 O3 )] and linoleic acid [cis-9,cis-12-Octadecadienoic acid, (C1 8 H3 2 O2 )], known 
constituents of potato suberin, to induce thaxtomin A production in Streptomyces scabies 
cultures. Also, suberin was degraded to its aliphatic portion with BF3 -CH3 OH (Kolattukudy et 
al., 1974a) and to its phenolic portion by alkaline nitrobenzene oxidation (NBO) (Wendell et 
al., 1982). Streptomyces scabies growth and thaxtomin A production were then observed in a 
minimal medium supplemented with suberin constituents from the aliphatic or phenolic 
portions.
Materials and methods 
Bacterial strain and culture conditions
Streptomyces scabies strain EF-35 was isolated from a common potato scab lesion on potato 
tuber in Quebec, Canada (Faucher et al., 1992), and was maintained on a yeast malt extract 
(YME) (Pridham et a l, 1956-1957). The minimal starch medium, described by Beausejour et 
al. (1999), was used for thaxtomin A production. Streptomyces scabies cultures were grown in 
a rotary shaker (350 rpm) at 30°C.
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Suberin purification
The suberin used in this study was obtained from commercial potatoes according to 
Kolattukudy et al. (1974a). Whole potato tubers were boiled in water and their skins were 
removed. Cell walls associated to potato skin (9.1 kg potato tubers) were digested with a 
solution containing 2 units/ml cellulase (Sigma EC 3.2.1.4), and 18 units/ml pectinase (Sigma 
EC 3.2.1.15), from Aspergillus niger in 750 ml 0.05 M acetate buffer, pH 4.0. After the 
enzymatic digestion, potato skins were treated with 750 ml chloroform and methanol (2:1) to 
extract soluble lipids. Potato peels were then treated with chloroform in a Soxhlet extractor for 
24 hours to further extract soluble lipids (Kolattukudy et al., 1974b). The enzyme treatment 
and the extraction procedure were repeated once again. The resulting solid material, consisting 
of suberin, was ground to a fine powder in a coffee grinder (4BCG100, Kitchenaid).
Suberin depolymerization with BF3/ methanol
Suberin (2 g) was refluxed with 125 ml of 14% BF3  in methanol for 48 hours. Several drops of 
H2 O were then added to decompose the remaining BF3 ; and the reaction mix was filtered 
through a filter paper in a Buchner funnel. The residues were trapped in the filter paper, and 
the liquid phase was recovered in a flask using a vacuum pump. Remaining methanol was 
evaporated from the liquid phase by keeping the flask in a ventilating hood for three days. The 
liquid phase was then treated with 100 ml chloroform. The chloroform was evaporated in a 
Biichi Rotavapor R-l 14 (Biichi Labortechnik AG, Flawil, Switzerland) to obtain a dark brown 
liquid containing the constituents of the suberin aliphatic portion. The suberin aliphatic 
constituents were separated by TLC using silica gel (0.25 mm plate) and ethyl ether: hexane: 
methanol (25:5:1), as the developing solvent (Kolattukudy et al., 1974a).
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Suberin oxidation by alkaline nitrobenzene
Suberin (1 g), 2 N NaOH (25 ml) and nitrobenzene (1.5 ml) were added to a 100 ml stainless 
steel container (steel thickness 1.5 mm). The steel container was sealed with a rubber ring and 
a cover fastened with six screws to resist to the high pressure produced by the reaction, and 
was incubated at 160°C in a silicon oil bath for two hours. The reaction mixtures were 
transferred to a funnel and extracted four times with 150 ml diethyl ether to remove the 
unreacted nitrobenzene and its reduction products. The mixtures were centrifuged at 4000 
rpm, for 10 mins. The aqueous phase was acidified with several drops of 6 N HC1 and 
precipitated. The dark brown, condensed material that precipitated upon acidification was 
collected by filtration with a Whatman No.l filter paper; the filtrate was extracted three times 
with 100 ml diethyl ether and subsequently with 100 ml ethyl acetate. The ether and ethyl 
acetate were evaporated under reduced pressure in a Biichi Rotavapor R-114 (Biichi 
Labortechnik AG, Flawil, Switzerland). Therefore, the degraded products comprised three 
fractions: i) the condensed, ii) the ethyl ether, and iii) the ethyl acetate fractions (Wendell et 
al, 1982).
Thaxtomin A production, purification, and detection
For the thaxtomin A production assay, Streptomyces scabies strain EF-35 was precultured in 
YME medium for two days. YME pellets were washed twice and resuspended in three 
volumes of 0.85% NaCl solution. A mycelium suspension (100 pi) was added to the 50 ml 
minimal medium. The minimal medium was supplemented with suberin (control), suberin 
constituents obtained from the depolymerization assay, cis(trans)-9,10-Epoxystearic acid 
(C1 8 H3 4 O3 , from Sigma-Aldrich), or linoleic acid (cA-9,c/s-12-Octadecadienoic acid, 
CigH3202, from Sigma-Aldrich). Suberin was used at a concentration of 0.2% (W/Vol), and 10 
pi or 100 pi of the aliphatic portion was added to the minimal medium. Phenols from the ethyl 
ether soluble fraction, the ethyl acetate soluble fraction, and the condensed phenolic fraction 
were added at a concentration corresponding to 0.2% suberin (W/Vol). The minimal medium 
was supplemented with 0.35 mg/ml of a commercial fatty acid or an epoxy fatty acid as
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suggested by Van Dijk et al. (2000). In this study, linoleic acid and cis (trans)-9,10- 
epoxystearic acid were dissolved in 20 |al of 1% Brij58 or chloroform, respectively. The 
control flasks were also supplemented with the same volumes of solvent.
After seven days, thaxtomin A was extracted from the culture supernatants according to 
Beausejour et al., 1999. Briefly, the toxin was extracted with acetate ethyl and purified by 
TLC on a 0.25 mm silica gel 60 plate using chloroform: methanol (9:1) as a developing 
solvent. Purified thaxtomin A was always run alongside the samples as a control. Thaxtomin 
A is the yellow spot having Rf = 0.27 under these experimental conditions.
Results and discussion
A previous study showed that suberin could induce the production of thaxtomin A in a 
Streptomyces scabies culture medium (Beausejour et al., 1999). However, in the present study, 
two commercial products [cis(trans)-9, 10-epoxystearic acid and linoleic acid\ were tested for 
their ability to induce thaxtomin A in Streptomyces scabies cultures, but Streptomyces scabies 
failed to produce thaxtomin A on either of linoleic acid or cis(trans)-9, 10-epoxystearic acid. 
In addition, these compounds did not inhibit Streptomyces scabies growth when added to the 
minimal medium (data not shown). These results indicate that neither cis(trans)-9, 10- 
epoxystearic acid nor linoleic acid acted as inducer of thaxtomin A biosynthesis or that they 
could not induce thaxtomin production by themselves.
Streptomyces scabies grew but failed to produce thaxtomin A in the minimal medium 
supplemented with the suberin aliphatic portion
We used the technique of BF3 -methanol depolymerization (Kolattukudy et al., 1974a) to 
recover the aliphatic portion of the suberin. TLC carried out after the depolymerization
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experiment indicated that suberin was at least partly depolymerized. TLC plates (Fig. 5) 
showed four major blue spots under the fluorescence light. This corresponded to the results 
published by Kolattukudy (1974b). According to Kolattukudy (1974b), fractions 1 to 4 (Rf= 
0.80, 0.75, 0.65, 0.61) corresponded to C 1 4 -C2 8  fatty acid methyl esters, dicarboxylic acid 
methyl esters, C 1 6 -C2 6  fatty alcohols, and co-hydroxy acid methyl esters, respectively.
The aliphatic fraction of subarin did not hamper Streptomyces scabies growth (data not 
shown). Although a minimal medium supplemented with suberin allowed thaxtomin A 
production by Streptomyces scabies, no such effect was observed when the aliphatic fraction 
was added to Streptomyces scabies culture medium. The amount of aliphatic fractions added 
to minimal medium (10 pi -100 p i ) corresponded to those that had been extracted from 0.2%- 
2.0% suberin. This might indicate that the inducer of thaxtomin A biosynthesis was not a fatty 
acid. However, we cannot exclude the possibility that the inducer was contained in the 
aliphatic portion of the suberin. Indeed, the method used in this study to depolymerize suberin 
generated mostly monomers (Benards, 2002; Kolattukudy, 1970b). Although the tested 
aliphatic monomers obtained from suberin depolymerization did not allow thaxtomin A 
biosynthesis, we cannot exclude the possibility that the dimers, trimers, or larger subunits 
might be responsible for the induction of thaxtomin A biosynthesis genes in Streptomyces 
scabies. To our knowledge, there is no study reporting that a fatty acid or a lipid would induce 
the synthesis of virulence factors in plant pathogenic microorganisms. However, Maier 
(personal communication) showed that the plant pathogenic Fusarium sp. produced a lipase 
that degraded plant constituents. The fatty acids generated interfered with plant defence 
mechanisms by repressing callose synthesis in the plant.
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Fractionl: Rf=0.80 
Fraction 2: Rf=0.75
Fraction 3: Rf=0.65 
Fraction 4: R(=0.61
ion
Fig 5. Thin layer chromatogram (TLC) of the aliphatic portion derived by BF3-CH3OH 
treatment of potato suberin. Chromatography was done on Silica Gel 25, 0.25 mm with 
ethyl ether: hexane: methanol (20:5:1). Fractions 1 to 4 were: C1 4 -C2 8  fatty acids methyl esters, 
dicarboxylic acid methyl esters, C1 6 -C2 6  fatty alcohols, and co-hydroxy acid methyl esters.
Streptomyces scabies did not grow in the medium supplemented with the phenolic portion 
of potato suberin
This study did not allow us to identify the phenolics that act as inducers of thaxtomin A 
biosynthesis. The phenolics recovered from suberin were toxic for Streptomyces scabies and 
impeded bacterial growth. The minimal media were supplemented with three different suberin 
phenolic fractions: the diethyl ether-soluble fraction, the ethyl acetate-soluble fraction, and the 
condensed phenolic fraction. These fractions were added to a minimal medium at 
concentrations corresponding to what would be found in culture medium supplemented with 
0.2% suberin (W/Vol). The diethyl ether-soluble fraction recovered from 1 g of suberin 
weighed 0.1122 g, whereas the ethyl acetate-soluble and the condensed phenolic fractions 
represented 3.8% and 12% of the dry weight of the suberin. The concentration of the either
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fraction, the ethyl acetate fraction, and the condensed phenolic fraction added to the minimal 
medium were thus of 0.022%, 0.0076%, and 0.024% respectively. Even if the quantity of 
phenolics added to Streptomyces scabies culture media corresponded to what is contained in a 
quantity of suberin allowing thaxtomin A production, all of the phenolic fractions prevented 
the growth of Streptomyces scabies. This confirms the results obtained by C. Goyer (personal 
communication) who found that suberin material, deprived of its phenolic fraction, was toxic 
for Streptomyces scabies even at very low concentrations.
Previous works showed that phenolics present in suberin are related to plant resistance against 
pathogens and predators (Lyon et al., 1992; Dicko et al., 2006). It is thus no surprising that 
phenolics inhibited the pathogen growth. Different hypothesis can be proposed to explain why 
phenolic fractions were toxic to Streptomyces scabies while suberin was not. For example, 
phenolics attached to suberin are certainly released progressively upon enzymatic reaction, 
and it is possible that their concentrations never reached a level that would prevent bacterial 
growth. It is also possible that the enzymatic reaction allowed the release of all types of 
phenolics present in suberin, and the chemical treatment allowed the recovery of most 
phenolic compounds. Additionally, suberin phenolics might be covered by the side-products 
of chemical reaction, and these side-products may be toxic to Streptomyces scabies.
It would be interesting to further purify the phenolic fractions and to determine the effects of 
these subfractions on both Streptomyces scabies growth and thaxtomin A biosynthesis. The 
chemical composition of the suberin phenolic domain has been a matter of controversy for 
some time (Benards et al., 1998). Previously in our laboratory, Goyer and Dionne (personal 
communication) added different phenolic compounds known as suberin constituents, but they 
did not find any that were able to act as thaxtomin A inducers, which consider with the 
experimental result in this study.
This experimental approach can be successful only if one or some suberin constituents are 
responsible for thaxtomin A induction. However, the induction may not be caused by specific
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compounds. Suberin might induce a physiological stress that results in the production of 
secondary metabolites as suggested by the work of Lauzier et al. (in preparation) who showed 
that Streptomyces scabies cells grown in the presence of suberin overproduced stress proteins 
such as GroES and TerD homologs. Furthermore, Douliez (2004) showed that suberin is a 
membrane pertubant. In other streptomycetes, secondary metabolites are produced in response 
to stress conditions. For example, jadomycin is produced, in response to nutrimental stress, in 
Streptomyces venezuelae (Jakeman et al., 2005).
Future studies should focus on suberin constituents obtained by biological degradation rather 
than by chemical hydrolysis. Recently, an esterase degrading suberin was purified from a 
Streptomyces scabies EF-35 culture supernatant (Dionne, personal communication). Its 
corresponding gene has also been cloned (Lapointe, personal communication). The cloning of 
the esterase gene will allow the production of a large quantity of Streptomyces scabies esterase. 
The enzymatic products of suberin degradation could then be added to the culture medium of 
Streptomyces scabies to determine whether they could induce thaxtomin A production.
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CONCLUSION
The purpose of this work was to identify the suberin constituents responsible for the induction 
of thaxtomin A production in Streptomyces scabies. Unfortunately, the methods used in this 
study did not allow the identification of this compound. Nevertheless, this work brought new 
knowledge that contributes to a better understanding of Streptomyces scabies physiology and 
ecology. For example, we carried out a study to determine the optimized concentration of 
suberin allowing the in vitro production of thaxtomin, and we also developed a method to 
extract thaxtomin A directly from soil.
Our results suggest that suberin induces thaxtomin A production in Streptomyces scabies not 
only in vitro but also in soil. In this study, Streptomyces scabies did not produce thaxtomin A 
in a sandy soil deprived of suberin. However, this type of soil is poor in nutrients and did not 
allow extensive growth of the pathogen. In this type of soil, Streptomyces scabies growth 
mostly depends on mineral fertilizer and plant exudates. In such a soil, it can be expected that 
Streptomyces scabies will produce thaxtomin only in the vicinity of plant organs.
Nevertheless, we think that it would be interesting to study thaxtomin A production in 
different types of soil. Winkler et al. (2005) studied soil components and found that the 
insoluble compounds in soil derived mainly from cutin and suberin. This raised the possibility 
that Streptomyces scabies can produce thaxtomin A not only during its association with plants 
but also directly in the presence of organic plant litter. This could be of importance in soil 
ecology. Streptomyces scabies is not only the causal agent of common scab, it also inhibits 
seedling growth of several monocotyledon and dicotyledon species (Leiner, 1996), although 
the biological significance of this has never been elucidated.
The method to extract thaxtomin from soil that was developed in this work may be useful in
our fixture research work. Surveys of thaxtomin production in different types of soil, in
suppressive soil (Menzies 1959; Lorang et al., 1989; Bowers et al., 1996), or in the
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rhizosphere of several plant species may contribute to the development of knowledge on the 
ecological importance of thaxtomins.
In this work, we used the acknowledged method of Kolattukudy (1970a) to extract the 
aliphatic portion of suberin. The aliphatic portion recovered did not allow thaxtomin A 
production in Streptomyces scabies. Since most of the aliphatic constituents from BF3 - 
methanol depolymerization are monomers (Benards, 2002), this suggests that the inducer of 
thaxtomin A biosynthesis is not a fatty acid. However, we could not exclude the possibility 
that the inducer includes a fatty acid constituent.
As plant-derived phenolics were found to be inducers of virulence genes in plant pathogens 
such as Agrobacterium tumefaciens (Hess et a l, 1991), the hypothesis that suberin phenolics 
might be involved in thaxtomin A production needed to be analyzed. Unfortunately, the 
mixtures of phenolics extracted from suberin were toxic for Streptomyces scabies. Although 
experiments carried out with the main phenols associated with potato tuber skins did not 
always impede pathogen growth (Goyer and Dionne, unpublished data), they did not allow 
thaxtomin A biosynthesis. Suberin phenolics might, nevertheless, be involved in the 
biosynthesis of thaxtomin A in combination with another compound. In the Agrobacterium 
system, the vir genes are induced by a combination of phenolics and sugars (Peng et a l, 
1998).
Several other explanations may explain our failure to discover a thaxtomin inducer. 
Thaxtomin A is a secondary metabolite. In culture media, esterase activity appeared only after 
three days of growth. If a suberin constituent is an inducer of thaxtomin A biosynthesis, it 
would only have been needed after 72 hours of incubation. Phenols or fatty acids added at the 
beginning of growth may have been used by the bacteria before the late log-growth phase 
began.
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Finally, it possible that the action of suberin on thaxtomin A production could not be attributed 
to some suberin constituents but rather to a physico-chemical effect of suberin of Streptomyces 
scabies cells. Lauzier et al. (in preparation) recently showed that suberin induced an 
overproduction of stress proteins in Streptomyces scabies cells, and production of secondary 
metabolites is sometimes produced in response to stress. The effect of suberin on thaxtomin A 
might, thus, create a stressing condition that induces thaxtomin A biosynthesis.
As our work did not allow the discovery of inducers, we suggest that a study to analyze the 
effects of the esterase products of suberin degradation on thaxtomin A production be 
performed. This approach may be considered since an esterase gene inducible in the presence 
of suberin has recently been cloned from Streptomyces scabies EF-35.
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